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Abstract.  While there is substantial information about the upstream migration of 

commercially and recreationally important fishes, relatively little is known about the 

upstream migration of small-bodied species, particularly through estuaries.  In the San 

Francisco estuary, there is a major need to understand the behavior of delta smelt 

Hypomesus transpacificus, a small pelagic fish listed under the state and federal 

endangered species acts.  The spawning migration period may be critical as upstream 

movements can result in entrainment in water diversions.  In general, delta smelt live in 

the low salinity zone of the estuary and migrate upstream for spawning.  During the fall 

pre-migration period, delta smelt remain primarily within the low salinity zone in the 

western Sacramento-San Joaquin Delta and Suisun Bay.  There were no significant 

upstream shifts of fish into fresher water during late fall, suggesting that delta smelt do 

not show pre-migration staging behavior.  Following winter “first flush” flow events that 

appear to trigger migration, upstream movement rates are relatively rapid, averaging 3.6 

km/d, a finding consistent with results from particle tracking simulations, laboratory 

studies, and other fishes.  Like some other native fishes, delta smelt apparently “hold” in 

upstream areas following migration; most do not spawn immediately.  Overall, delta 

smelt fit the pattern of a diadromous species that is a seasonal reproductive migrant.  

Emerging data suggest that there is variability in the migration behavior of delta smelt, a 

pattern contrary to the reigning viewpoint that smelt all migrate in winter.   
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Introduction

Animal migrations have long intrigued humans, particularly movements by food 

species such as waterfowl, ungulates, and game fishes. In estuaries and their tributaries, 

the seasonal passage of anadromous fishes represents the most dramatic migration by 

aquatic species.  Given the impressive numbers of salmonids that migrate through 

estuaries and rivers of the northern hemisphere, it is relatively easy to understand why 

these movements have regional cultural significance (Roche and McHuchison 1998).    

Migration represents a critical part of the life history for a variety of organisms.  

Seasonal or ontogenetic migrations have been documented for a broad diversity of 

taxonomic groups including fish, mammals, reptiles, birds, and insects (Baker 1978).  

Many organisms also undergo smaller-scale diel migrations, particularly in aquatic 

habitats.  Northcote (1978) has proposed that there are three basic functional categories of 

migrations: 1) reproductive (spawning) migration: 2) migration toward food; and 3) 

refuge migration.

Much of the attention to fish migration through estuaries has been on large fishes 

including salmonids, clupeids, and sturgeon (Lucas and Baras 2001).  By contrast, there 

is relatively little information about the upstream migration of many groups of fishes, 

particularly small-bodied types (Clough and Beaumont 1998).  This disparity is, in part, a 

consequence of the economic value of large species, as well as the difficulty in using 

techniques such as tagging and telemetry on small fishes.  Much of the available 

information is summarized in Lucas and Baras (2001).  Some examples of studies on 
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estuarine migration of smaller fishes include rainbow smelt Osmerus mordax (Murawski 

and others 1980; Ohji  and others2008), pond smelt Hypomesus nipponesis (Katayama 

and others 2000),  and threespine stickleback Gasterosteus aculeatus (Snyder 1991). 

The dearth of information about the upstream migration of small fishes also applies to 

the San Francisco estuary (Figure 1).  However, the decline in several native smelt, 

salmon, sturgeon, and minnows and associated listings under the state and federal 

endangered species acts raised major questions about the life histories of these fishes.  

The best example is the imperiled delta smelt Hypomesus transpacificus, a small pelagic 

osmerid that occurs only in the upper San Francisco estuary.  The population has declined 

precipitously over the past decade, leading to major legal and regulatory actions to try 

and improve its status (Service 2007; Sommer and others 2007).  In recent years, there 

has been substantial progress in understanding the life history of this species (Moyle and 

others 1992; Bennett 2005), although details of its upstream migration have remained 

elusive (Swanson and others 1998).  Delta smelt is known to inhabit the oligohaline to 

freshwater portion of the estuary for much of the year until late winter and early spring, 

when they migrate upstream to spawn.  After hatching, their young subsequently migrate 

downstream in spring towards the brackish portion of the estuary (Dege and Brown 

2004).  Basic physiological and environmental requirements have been described for 

several life stages (Swanson and others 1998, 2000; Baskerville-Bridges and others 2004; 

Feyrer and others 2007; Nobriga and others 2008).  

Migration frequently involves substantial risks both from natural (e.g. predation, 

starvation, extreme climate) and anthropogenic (e.g. hunting, fishing, barriers) sources 
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(Baker 1978).  Indeed, even small-scale movements on the order of a few kilometers can 

have a major impact on fish survival and reproduction (Lucas and Baras 2001).  For delta 

smelt, migration and subsequent spawning are perhaps the most critical periods in its life 

cycle (Moyle 2002; Bennett 2005).  As an annual species that exists in a single estuary, 

maintenance of the population may depend on successful migration and spawning of the 

adults through the Sacramento-San Joaquin Delta (herein referred to as the Delta), the 

upstream region of the San Francisco Estuary that is the most frequently available 

spawning habitat (Figure 1).  The hydrodynamics of the Delta’s highly interconnected 

channels are especially complex and highly altered, so upstream migrating fish encounter 

unusually difficult navigation challenges.  For example, if upstream migrating delta smelt 

swim into the San Joaquin River, they are much more likely to be entrained by the large 

Central Valley Project (CVP) and State Water Project (SWP) water diversions, which 

supply water to about 25 million California residents and a multi-billion dollar 

agricultural industry (Grimaldo and others 2009).  This logic is, in part, the basis behind 

recent major water export restrictions to protect upstream spawners (USFWS 2008).  

From a management perspective, it is therefore essential to understand how delta smelt 

migrate and what factors influence them during this period (Martin and others 2007).

The primary objective of this paper was to characterize at least in a general sense, the 

spawning migration of delta smelt including the periods immediately before and after 

upstream movement.  Specific study questions included the following:  1) Where is the 

starting location for migration?  2) How quickly do delta smelt migrate? 3) Does 

spawning occur immediately after migration?  4) Is there evidence that there is variability 
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in the migratory behavior of delta smelt? Because of the limited nature of the data 

available on delta smelt, our study was not intended as a comprehensive description of 

delta smelt migration.  Instead, we reasoned that answering these questions would be 

useful as a framework for adaptive management of this imperiled fish.  Given the rarity 

of delta smelt and associated constraints on field collection, we also hoped that our 

analyses of existing data would help to set priorities for future research. 

Methods and Materials

Evaluating the migration of delta smelt was particularly challenging because the fish 

is very small (usually <100 mm FL), fragile, increasingly rare, and has a protected legal 

status.  In addition, the San Francisco estuary is large and spatially complex, with 

multiple tributaries, embayments, and braided channels (Figure 1). These issues meant 

that it was not feasible to use traditional migration study techniques such as telemetry and 

mark-recapture.  We therefore relied on a combination of data analyses from long- and 

short-term fisheries surveys, and modeling to infer details about migration patterns.  We 

acknowledge that these techniques have higher uncertainty than direct methods such as 

telemetry, but emphasize that our approaches represented the best available methods 

given the constraints. 

Data Sources
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The fall midwater trawl (FMWT) samples fishes in open-water and other offshore 

habitats monthly each September to December at 116 stations throughout the northern 

region of the estuary.  The survey at each location takes a 10 to 12-minute tow with a 

13.4 m2 midwater trawl of variable meshes starting with 20.3 cm mesh at the mouth of 

the net and 1.3 cm mesh at the cod end (Stevens and Miller 1983; Feyrer at al. 2007).  

The survey represents one of the best long-term fishery data sets for the San Francisco 

estuary and covers the majority of the range of delta smelt.  The FMWT samples delta 

smelt distribution and relative abundance during the period leading up to, but not 

including their spawning migration.  Thus, it provides a long-term dataset on where delta 

smelt are distributed in the estuary when they start their migration.  The survey has been 

conducted since 1967 with the exception of 1974 and 1979.  

The Spring Kodiak Trawl survey (SKT) has been conducted since 2002 as a survey to 

assess the distribution of adult delta smelt during the time they ripen and spawn (Source: 

http://www.delta.dfg.ca.gov/data/skt/).  It samples 39 locations from Napa River 

upstream though Suisun Bay and the Delta (Figure 1).  The survey has been conducted 

every 2-4 weeks in winter and spring starting in January or February.  At each location, a 

single 10 minute surface sample is taken by two boats that tow a 7.6 m wide by 1.8 m 

high Kodiak trawl (mesh ranges in dimension from 5.1 cm knotted stretched mesh at the 

mouth and decreases by 1.3 cm through a series of 5 panels to 0.6 cm knotless stretched 

mesh at the cod-end).  Delta smelt collected by this survey are counted, measured, and 

classified in terms of six spawning condition levels (http://www.delta.dfg.ca.gov/data/skt/

eggstages.asp; Mager 1996).  

http://www.delta.dfg.ca.gov/data/skt/
http://www.delta.dfg.ca.gov/data/skt/
http://www.delta.dfg.ca.gov/data/skt/eggstages.asp
http://www.delta.dfg.ca.gov/data/skt/eggstages.asp
http://www.delta.dfg.ca.gov/data/skt/eggstages.asp
http://www.delta.dfg.ca.gov/data/skt/eggstages.asp
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Initiated in 1995, the 20 mm survey typically samples larvae during each neap tide 

between March and July (Dege and Brown 2004).  A total of 48 sites have been sampled 

continuously and include freshwater to mesohaline habitats of the estuary.  Three 10-min 

oblique tows are conducted at each location using a 5.1-m long, skid mounted net with a 

1.5 m2 mouth, a 1.6 mm mesh body and a removable 2.2 L cod end jar.  This survey 

provides a basic indication of some of the major spawning areas, although it is important 

to note that tides and river flow can redistribute larvae following spawning.

The SWP salvage is a data set based on the collection of juvenile and adult delta 

smelt at the Harvey O. Banks water diversion’s fish screens (Sommer and others 1997; 

Kimmerer 2008; Grimaldo and others 2009).  Salvage of delta smelt from the fish screens 

is highly seasonal, with most adult collections during winter migration and juveniles 

during spring rearing and downstream migration.  A limitation of the salvage data is that 

they are geographically localized in an upstream area of the Delta. However, these data 

are also considered an important source of information about the species because the fish 

salvage facilities have historically had the largest delta smelt catch of any of the sampling 

programs.  Relatively high catch at the fish screens is consistent with water diverted by 

the SWP and its nearby counterpart, the CVP, which have combined exports of up to 

35-65% of Delta inflow, depending on season.  Modeling studies by Kimmerer (2008) 

found that entrainment (calculated from salvage) can be a substantial portion of the delta 

smelt population in some years, increasing our confidence that the salvage data have 

some statistical relevance.
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The Summer Townet Survey (TNS) has been conducted annually by the California 

Department of Fish and Game since 1959.  The survey was designed to index the 

abundance of age-0 striped bass, but also collects delta smelt data that have been used to 

analyze abundance, distribution, and habitat use (Kimmerer 2002; Bennett 2005; Nobriga 

and others 2008).  The TNS samples up to 32 stations using a conical net (1.5 m2 mouth; 

2.5 mm cod-end mesh) towed obliquely through the water column.  

Data Analyses

The starting distribution of delta smelt during the pre-migration period (Study 

Question 1) was evaluated using the approach of Dege and Brown (2004) to calculate the 

location of the centroid of the distribution of delta smelt in the FMWT.  The analysis used 

the weighted catch of delta smelt from 54 core (i.e. consistently sampled) stations to 

calculate the centroid based on the distance from the mouth of the San Francisco estuary 

(Golden Gate Bridge).  The data for each of the four survey months (September – 

December) were plotted in two different ways to examine different aspects of the pre-

migration period.  First, we plotted the results on an annual basis and relative to two 

locations (Rio Vista at km 100; and Chipps Island at km 75) commonly used as reference 

points for water management in the region.  This approach allowed us to evaluate 

geographic range of delta smelt prior to migration, and how it changed monthly and 

annually.  As will be evident below for Question 2, these data provided the baseline for 

estimates of migration rates.  Our second analytical method was to examine fish 



11

distribution relative to salinity.  This approach is particularly useful in estuaries, where 

the salinity field can shift substantially based on seasonal changes in inflow.  Delta smelt 

are strongly associated with the low salinity zone (Moyle 2002; Bennett 2005; Feyrer and 

others 2007), so it makes sense to evaluate their distribution in this way.  The salinity 

metric that we used was X2, the distance of the 2 psu salinity isohaline from the Golden 

Gate Bridge (Jassby and others 1995; Kimmerer 2002; Feyrer and others 2007).  For each 

month, we plotted the delta smelt distributions centroids relative to X2.  We used a 

Generalized Linear Model to test whether  there were statistically significant 

relationships between fish distribution centroids and X2.  In addition, we used an 

ANOVA to test whether the slopes intercepts varied by month. This approach allowed us 

to examine whether delta smelt remained in the same salinity zone throughout the pre-

migration period.  We were particularly interested in whether there was a shift in 

distribution towards fresher water during later months of the pre-migration period, a 

possible sign of “staging” behavior.  Many fishes exhibit staging behavior before 

migration (Salo 1991; Moyle 2002).  Salmonids, a phylogenetic relative of osmerids, 

show staging behavior, so it is possible that delta smelt have similar early movements. 

Our second question was to evaluate how quickly delta smelt migrate.  We developed 

estimates of migration rates based on pre-migration distribution and SWP salvage data.  

To calculate migration time, we relied on analyses of salvage data by Grimaldo and 

others (2009), the best available high frequency data on the timing of migration. Their 

studies showed that adult salvage peaks relatively shortly (about 1 - 4 weeks) after the 

onset of seasonal rain brings a “first flush” of fresh water into the Delta.  Note that one of 
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the key environmental changes during first flush is pulses of turbidity entering the system 

(Wright and Schoellhamer 2004). Delta smelt distributions are closely associated with 

turbid water (Feyrer and others 2007; Nobriga and others 2008), so it is likely that high 

turbidity throughout the migration corridor is necessary for successful migration.  This 

assumption does not preclude the idea that first flush contains some other migration cue 

that is independent of turbidity; at the very least, turbidity is a reasonable and measurable 

indicator of first flush in the hydrologically-complicated upper estuary.  Thus, we 

estimated migration time as the number of days between first flush (as indicated by a rise 

in south Delta turbidity to 12 ntu) and the salvage peak at the SWP fish screens (reported 

by Grimaldo and others 2009).  High winter turbidity levels near the SWP Delta salvage 

facilities tend to reflect high turbidity levels through the migration corridor of delta smelt 

(DWR, unpublished data).  Nine recent years (1993, 1995, 1999, and 2000-2005) were 

selected based on their relatively distinct turbidity pulses and higher salvage, which 

allows for more accurate identification of peaks. These years include a fairly wide range 

of conditions except for extreme wet years, so we believe that the data set was fairly 

representative of migration patterns. Finally, the distance traveled was calculated as the 

number of river kilometers between the December centroid of the FMWT distribution of 

spawners (Study Question 1) and the SWP fish screens, which are 155.1 km from Golden 

Gate Bridge.  Estimates of migration rate using this approach were used to examine 

where there was evidence of an effect of flow rate.  Flow was based on average daily 

delta outflow values were obtained from the DAYFLOW database (http://

www.iep.water.ca.gov/dayflow/index.html).  We tested whether estimated migration rates 

http://www.iep.water.ca.gov/dayflow/index.html
http://www.iep.water.ca.gov/dayflow/index.html
http://www.iep.water.ca.gov/dayflow/index.html
http://www.iep.water.ca.gov/dayflow/index.html
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were related to average delta outflow during the migration period (from first flush to the 

salvage peak at the SWP) using Kendall-Tau correlation.

We used particle tracking simulations to determine if our estimated fish migration 

rates were within the range of what would be expected based on reasonable swimming 

behaviors from the literature.  We used the Delta Simulation Model-2 hydrodynamic 

model and its associated particle tracking model (DSM-2 ptm) to simulate a delta smelt 

spawning migration.  These models are quasi-3D mathematical models developed by the 

California Department of Water Resources as a water distribution planning tool 

(Culberson and others 2004; Kimmerer and Nobriga 2008).  In DSM-2, the upper estuary 

is divided into a grid with 416 nodes and 509 links.  Model limitations were explored and 

discussed extensively by Kimmerer and Nobriga (2008).  

The DSM-2 ptm default is to model neutrally buoyant particles, but it has the ability 

to provide limited particle behavior (Culberson and others 2004).  We used this feature to 

model particles that stayed in the upper ten percent of the water column during flood 

tides and the lower ten percent of the water column during ebb tides.  This is one of 

several behaviors that delta smelt and other estuarine fishes use to maintain geographic 

positions within the estuary or to change position quickly (Bennett and others 2002).  

Moreover, it is fairly likely that delta smelt use this type of behavior to migrate upstream 

(Swanson and others 1998). The vertically migrating behavior causes particles to tidally 

“swim” upstream against net downstream water flows.  We acknowledge that other smelt 

may exhibit other behaviors such as lateral migration to move upstream; however, lateral 

movement simulations are not possible using the DSM-2 ptm. We conducted 30-day 
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simulations using three levels of Delta flow (340, 1,070 and 1,899 m3/s) and a constant 

water diversion rate (SWP and CVP combined) of 170 m3/s.  One model run was 

performed at each flow level. These Delta flow levels were selected because they covered 

the range of all but the wettest conditions during the recent nine years when we analyzed 

salvage data (see previous method above).  It also represented a sufficiently low water 

export scenario such that upstream particle movement was not strongly influenced by net 

upstream flows that result when diversion rates are high relative to inflow rates 

(Kimmerer and Nobriga 2008).  We inserted 2,000 particles into the model at Chipps 

Island (75 km from Golden Gate Bridge) and tracked the change in their position for 30 

days using particle flux into the SWP diversion (Figure 1).  We summed the number of 

particles entrained at the SWP for each simulation—migration rate was calculated as the 

time for 50 percent of the total at the SWP.

Our third question was to examine whether spawning tends to occur immediately 

after migration, or whether the spawners first hold in upstream areas similar to some 

other migratory fishes (Lucas and Baras 2001; Moyle and others 2002).  We first used 

salvage data described for Study Question 3 to estimate the timing of migration.  Second, 

we used the SKT to determine the percentage of females in post-spawn condition 

(“spent”).  The estimates were conducted for 2002-2005 since the SKT did not begin until 

2002.  We reasoned that a long gap between estimated migration date and the post-

spawning stage was evidence for pre-spawning holding behavior.

Historically, delta smelt have been assumed to have a fairly “linear” life history 

pattern with upstream migration of adults in winter followed by downstream  migration 
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of juveniles in spring and summer (Moyle 2002; Bennett 2005).  The previous study 

questions were based largely on this assumption.  However, we evaluated the fourth study  

question because there is evidence that some anadromous fishes show variable migration 

patterns.  For example, Clark (1968) and Secor (1999) described how favorable upstream 

habitat conditions likely promote residency of other species near spawning areas. We 

hypothesized there is at least some diversity in delta smelt migration.  To evaluate this 

hypothesis, we compiled delta smelt catch data for three regions of the estuary during 

recent years (2002-2008) and a historical period of equal length (1967-1973).  The data 

were summarized for the stations in the core distribution of delta smelt in the West Delta 

(“Stations 704 and 706”), and two upstream areas assumed to support some spawning:  

Cache Slough (“Station 716”) and South Delta (“Stations 812 and 815”) (Figure 1).  If 

the hypothesis of variability in migration were true for delta smelt, we would expect that 

some delta smelt would be collected year-round in the upstream spawning areas.  For 

each region and time period, we recorded whether delta smelt were collected in one of the 

following surveys:  FMWT, SKT, 20 mm, or TNS.  We selected presence or absence 

rather than fish density as our metric because of the patchy distribution of the delta smelt 

(Feyrer and others 2007: Newman 2008), and because we relied on data from multiple 

survey methods, a requirement since no one survey effectively samples all life stages of 

delta smelt (Bennett 2005).  Note that there was no 20 mm or SKT sampling during the 

historical period.  Because there was a gap in these surveys in a key spawning area 

(August in Cache Slough), we conducted a supplemental analysis of beach seine data 

collected by Nobriga and others (2005) for Liberty Island, the largest body of water in the 
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Cache Slough complex.  The surveys were conducted during 2001 and 2003 in all months 

except for November-February. As for the other survey data, we determined whether 

delta smelt were present in a given month.

Results

Analyses of the FMWT showed that the distribution of delta smelt varied by year, but 

the pre-migration distribution over the past two decades has consistently been in west 

Delta and Suisun Bay, the region immediately downstream of Chipps Island  (Figure 2).  

In general, the pre-migration distribution occurs in the low salinity zone of the estuary as 

illustrated by the strong association between fish distribution and X2 during fall (Figure 

3).  The monthly relationships for September (Centroid = 7.0 + 0.902 X2; p<0.005), 

October (Centroid = - 2.2 + 1.04 X2; p<0.001), November (Centroid = - 5.1 + 1.08 X2; 

p<0.001), and December (Centroid  = 25.4 + 0.745 X2; p<0.005) were each highly 

significant based on generalized linear models. In general, the fish distributions also 

tended to be fairly well-associated with X2 over a wide range of X2 values.  One possible 

exception is during December, when fish centroids mostly deviate above the simple linear 

relationship.  Put another way, the data show that in late fall of most years, may be a 

subtle shift into fresher water (i.e. upstream from the low salinity zone) during the pre-

migration period.  However, an ANOVA showed no significant differences in the slope or 

intercept of the relationships between fish centroids and X2, so there is no statistical 

support for a December shift in distribution. 
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Estimates of migration rates varied across years (Table 1).  The average migration 

rates for the years we evaluated were around 3.6 km ·d-1 with a range of 1.8 – 6.3 km d-1.  

Average delta outflow from first flush to the salvage peak at the SWP fish screens  was 

not significantly correlated with the estimated migration rates (Kendall-Tau correlation 

coefficient= 0.33, p= 0.25).

The average migration rate estimate was fairly consistent with our particle tracking 

simulations.  The two model runs showed that particles swimming only up and down in 

the water column at slack tides could migrate 80 km upstream from Chipps Island to the 

SWP in 18.3 days for the 340 m3/s  simulation, 21.6 days for the 1,070  m3/s  simulation 

and 24.9 days for the 1,899  m3/s  simulation (Figure 4).  These simulations therefore 

represent average migration rates of 4.4, 3.7 and 3.2 km/d, respectively.  

In all years analyzed, peak migration appears to have occurred well before most fish 

spawned.  During 2002 – 2006 most spawners were collected at the SWP in January, but 

spent females were not observed in the SKT until February and not in substantial 

numbers until March (Table 2).  Hence, it appears that there is at least a one month gap 

between the primary upstream migration and spawning.  

For recent years, the data show that delta smelt were present in all months in the west 

Delta (Table 3), which is the pre-spawning center of distribution for the species (Figure 

2).  The historical data for the west Delta stations do not include the entire year, but 

indicate that delta smelt were collected in all months when sampling was conducted.  The 

recent results are similar for the Cache Slough region, a known upstream spawning area 

where fish were collected in all recent months (when samples were collected) including 
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summer and fall, well outside the spawning season for this species (Table 3).  The Cache 

Slough data are consistent with shorter-term sampling in Liberty Island, the largest 

contiguous area of open water in that region.  Beach seine sampling in Liberty Island 

collected delta smelt in all months during March – October.  Both the west Delta and 

Cache Slough catches contrast strongly with the recent results for the south Delta (Table 

3), where fish were clearly absent during the warmer summer months.  The historical data 

for the south Delta regions cover only half of the year, but indicate that delta smelt 

remained in upstream areas of the south Delta during summer.

Discussion

Overall, our observations for delta smelt are consistent with the findings of Ohji and 

others (2008) that the migration patterns of Osmerids are complex and variable.  Based 

on our data and previous studies, delta smelt should be considered a diadromous seasonal 

reproductive migrant, fishes that show migrations between freshwater and marine (or 

estuarine) environments.  Although some individuals migrate entirely within freshwater 

(potadromy), most of the population starts the migration period in brackish water.  Like 

many species that migrate, the upstream movement of delta smelt occurs seasonally for 

reproduction, but there is some variability in this general pattern as will be discussed in 

further detail below.

Pre-Migration:  Consistent with previous descriptions of the life history of delta smelt 

(Moyle 2002; Bennett 2005), the pre-migration distribution appears to be focused on the 
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low salinity zone.   Because the fish live in an estuary, this distribution is not 

geographically static; it shifts upstream and downstream with tides and depending on 

annual variation in flow.  Implicit in our analyses is the assumption that the FMWT 

samples the majority of the range of delta smelt.  As will be discussed in further detail, an 

unknown portion of the population occurs in the Cache Slough region (Figure 1), an area 

that was not sampled consistently by the FMWT.  Nonetheless, we believe the FMWT 

provides the best available information to analyze long-term patterns and associations. 

Our results suggest that delta smelt is different than several other anadromous fishes 

such as salmon and sturgeon, which show “staging” behavior prior to the major upstream 

migration.  For example, salmonids frequently show initial distribution shifts from the 

ocean into brackish or freshwater portions of estuaries (Salo 1991; Moyle 2002).  Our 

results did not show statistical support for an upstream shift in fall prior to the major 

winter spawning migration (Figure 3).   This pattern is not surprising as delta smelt has a 

relatively small range and migrates relatively short distances (Moyle 2002; Bennett 

2005), so there may be little adaptive need for staging.      

  Migration: Evidence suggests that delta smelt migrate in response to “first flush” 

events (Grimaldo and others 2009).  Pulses of delta smelt typically are observed at the 

fish facilities within 1-4 weeks of the flow and turbidity increases (Table 2).  Moreover, 

delta smelt tend to be collected at the SWP in single unimodal peaks (Grimaldo and 

others 2009), suggesting a somewhat coordinated migration strategy.  This degree of 

coordination may be adaptive for a highly variable and turbid estuary, where finding 

mates may otherwise be challenging.  Upstream migration in response to inflow also is 
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consistent with observations from other Pacific coast osmerids (D. Hay, Pacific 

Biological Station, Fisheries and Oceans Canada; P. Chigbu, University of Maryland, 

personal communications) and several fishes native to the San Francisco estuary (Harrell 

and Sommer 2003).  

Average migration rates in recent years have been around 3.6 km/d and were not 

correlated with Delta flow.  We acknowledge that our estimates based on the pre-

migration population distribution (e.g. the “centroid” Figure 3) may not be fully 

representative of how far individual fish migrate.  However, our results seem realistic in 

light of laboratory studies, particle tracking simulations, and results for other fishes..  

Laboratory studies indicate that delta smelt can probably swim for long periods at rates of 

1-2 body lengths · s-1 (Swanson and others 1998).  This means that in slack water, adult 

delta smelt could potentially swim 5-10 km/d. Although this level is higher than our 

estimates, our migration rates still seem reasonable given the conclusion by Swanson and 

others (1998) that the fish probably do not make long distance movements using constant 

swimming behavior.  The PTM simulation generated average migration estimates of 3.2 – 

4.4 km/d.  This level is quite consistent with our estimates for delta smelt based on 

salvage data (Table 3).  Our model result depended on a specific assumed swimming 

behavior (“tidal surfing”), which has not yet been established for delta smelt.  However, it 

is highly likely that the species uses a selective tidal swimming behavior to move 

upstream (Swanson and others 1998).  For example, young longfin smelt in the San 

Francisco estuary show different behaviors during ebb and flood cycles that allow them 

to maintain their position (Bennett and others 2002).   Our PTM simulations indicate that 
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vertical migration represents a plausible behavior for tidal surfing, but our model did not 

allow us to determine if lateral migration would produce similar or better results. 

Our estimated migration rates are within the range reported for other North American 

fishes (Table 4).  Fish size affects migration speed and distance (Nøttestad and others 

1999), and as expected our estimates are much lower than those of adult salmonids (Salo 

1991). Although delta smelt is smaller than any of the types summarized in Table 4, the 

estimates were fairly consistent with several other fishes.  Note that migration rates of 5 

km/d have been characterized as a “fast pace” for small fishes (Lucas and Baras 2001).  

As a consequence, we believe that it is realistic to characterize delta smelt migration rates 

as relatively rapid. This contrasts Moyle’s (2002) characterization of delta smelt 

migration as “gradual, diffuse” and that it “may take several months for an individual to 

reach a spawning site.”  We were unable to find good upstream migration rate data for 

other osmerids.  Murawski and others (1980) reported that rainbow smelt movements 

between spawning areas in a Massachusetts estuary was in the range of 0.5-9 km/d.  

However, it is unclear from the rainbow smelt study whether movements represented 

active migration, or a “wandering” interchange between spawning areas (Rupp 1968 cited 

in Murawski and others 1980).  

Post-Migration: The data suggest that delta smelt do not spawn immediately after 

migrating upstream.  Grimaldo and others (2009) showed that December-March flow 

pulses trigger upstream migration; however, spawning does not begin until late February, 

with typical peaks in March-May (Bennett 2005).  Our analyses using the SKT data 

indicate that delta smelt hold upstream for long periods after migration, probably at least 
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a month before spawning.  This conclusion is consistent with the behavior of several 

other native fishes including some races of Chinook salmon (Healy 1991), sturgeon 

(Moyle 2002) and Sacramento splittail (Moyle and others 2004). We wish to emphasize 

that apparent holding behavior does not mean that delta smelt do not show additional pre-

spawning movements (e.g. Rupp 1968 cited in Murawski and others 1980).   

 The year round presence of delta smelt in upstream areas indicates that 

there is variability in their migratory patterns. This does not appear to be a new trend as 

there is historical information that young delta smelt persisted in the delta months after 

the winter-spring spawning period (Erkkila 1950; Nobriga and others 2008).    These 

results do not necessarily mean that fish remaining upstream in summer are the same 

individuals spawned in spring—the range of delta smelt is small, and it is unclear how 

much of the pattern is due to residence of juveniles in upstream spawning areas versus 

periodic movements of fish within its range.  In any case, the emerging story is somewhat 

different than previous accounts of this species, which focused on a uniform upstream 

migration of adults followed by downstream migration of juveniles (Moyle 2002; Bennett 

2005).  Prolonged upstream residence may be supported by high turbidities and prey 

densities (Sommer and others 2004; Lehman and others 2010) in the Cache Slough 

region.   The year-round presence of delta smelt in the Cache Slough region may be 

evidence of contingents in the population.  Migratory fishes frequently have alternative 

life histories that may be influenced by habitat use at early life stages (Clark 1968; Secor 

1999).  The “contingent hypothesis” proposes that these fishes have divergent migration 

pathways that could help the species survive in variable and heterogeneous environments.  
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This type of strategy has already been identified for pond smelt, a congener of delta smelt 

in Japan (Katayama and others 2000). 

Recommendations: Conservation of migratory species such as delta smelt depends 

largely on understanding links between different periods of life cycles (Martin and others 

2007). Just a decade ago, the upstream migration portion of the life cycle of delta smelt 

was largely unknown (Swanson and others 1998).  A review of migration by different 

taxonomic groups indicates that this information gap is apparently fairly common among 

smaller estuarine fishes (Lucas and Baras 2001).  Although there are still substantial 

uncertainties, we believe that recent local studies and results from similar species provide 

basic insight into the migration of delta smelt.  Understanding this part of its life history 

is critical, especially considering its recent collapse to record and near-record low 

abundance (Sommer and others 2007) and relatively high vulnerability to extinction 

(Bennett 2005).  Nonetheless, there are still key information gaps requiring additional 

study.  A major priority is the development of improved telemetry and marking 

techniques to deal with this small fragile species.  Such methods might allow researchers 

to determine whether delta smelt use lateral or vertical migration as part of “tidal surfing” 

to migrate upstream.  In addition, detailed otolith studies to determine migration patterns 

such as the frequency of occurrence of delta smelt in different salinity ranges (Katayama 

and others 2000; Hobbs and others 2007).  Based on similar studies of other species 

(Secor 1999; Kerr and others 2009), our expectation is that delta smelt show highly 

diverse migration pathways including freshwater residence, brackish residence, and 

various strategies in-between. 



24

Acknowledgements

The views and opinions expressed in this article are those of the authors and do not 

necessarily reflect the official policy or position of the California Department of Water 

Resources, the US Fish and Wildlife Service, or the US Bureau of Reclamation.  This 

paper is, in part, the product of a CALFED-sponsored workshop to develop a basic 

understanding of upstream migration of delta smelt.  In addition, we thank the 

Interagency Ecological Program, whose support through the Pelagic Organism Decline 

study led to the completion of this paper.   This paper was improved substantially by the 

comments of two anonymous reviewers and the associate editor.

References

Baker RR. 1978.  The evolutionary ecology of animal migration.  Holmes & Meier 

Publishing, New York.

Baskerville-Bridges B, Lindberg J, Doroshov, SI. 2004.  The effect of light intensity, alga 

concentration, and prey density on the feeding behavior of delta smelt Hypomesus 

transpacificus larvae.  In: Feyrer F, Brown LR, Brown RL, Orsi JJ, editors. Early Life 

History of Fishes in the San Francisco Estuary and Watershed. Bethesda (MD):  

American Fisheries Society Symposium 39. P. 219-228.



25

Bennett WA. 2005. Critical assessment of the delta smelt population in the San Francisco 

Estuary, California. San Francisco Estuary and Watershed Science. Volume. 3, Issue 2 

(September), Article 1.  Available:

http://repositories.cdlib.org/jmie/sfews/vol3/iss2/art1

Bennett WA., Kimmerer WJ, Burau JR. 2002.  Plasticity in vertical migration by native 

and exotic fishes in a dynamic estuarine low-salinity zone.  Limnology and 

Oceanography 47:1496-1507.

Benson, RL, Turo S, McCovey BW Jr. 2007.  Migration and movement patterns of green 

sturgeon (Acipenser medirostris) in the Klamath and Trinity rivers, California, USA.  

Environmental Biology of Fishes 79:269-279.

Bigelow HB, Schroeder WC. 1953.  Fishes of the Gulf of Maine. Fishery Bulletin of the 

Fish and Wildlife Service 53:1-577.

Carmichael JT, Haeseker SL, Hightower JE.  1998. Spawning migration of telemetered 

striped bass in the Roanoke River, North Carolina. Transactions of the American 

Fisheries Society 127:286–297   

http://repositories.cdlib.org/jmie/sfews/vol3/iss2/art1
http://repositories.cdlib.org/jmie/sfews/vol3/iss2/art1


26

Clark J. 1968.  Seasonal movements of striped bass contingents of Long Island Sound 

and the New York Bight.  Transactions of the American Fisheries Society 97:320-343.

Clough S, Beaumont WRC. 1998.  Use of miniature radio-transmitters to track the 

movements of dace, Leuciscus leuciscus (L.) in the River Frome, Dorset. Hydrobiologia 

371-372:89-97. 

Culberson SD, Harrison CB, Enright C, Nobriga ML. 2004. Sensitivity of larval fish 

transport to location, timing, and behavior using a particle tracking model in Suisun 

Marsh, California. In: Feyrer F, Brown LR, Brown RL, Orsi JJ, editors. Early Life 

History of Fishes in the San Francisco Estuary and Watershed. Bethesda (MD):  

American Fisheries Society Symposium 39. p 257-267.

Dege M, Brown LR.  2004.  Effect of outflow on spring and summertime distribution and 

abundance of larval and juvenile fishes in the upper San Francisco estuary.  In: Feyrer F, 

Brown LR, Brown RL, Orsi JJ, editors. Early Life History of Fishes in the San Francisco 

Estuary and Watershed. Bethesda (MD):  American Fisheries Society Symposium 39. p 

49-66. 

Erkkila LF, Moffet JW, Cope OB, Smith BR, Smith RS. 1950. Sacramento-San Joaquin 

Delta fishery resources: Effects of Tracy Pumping Plant and the Delta Cross Channel. 

U.S. Fish and Wildlife Service Special Scientific Report 56:1-109



27

Feyrer F, Nobriga M, Sommer T. 2007. Multi-decadal trends for three declining fish 

species: habitat patterns and mechanisms in the San Francisco Estuary, California, U.S.A. 

Canadian Journal of Fisheries and Aquatic Sciences 136:1393-1405.

Grimaldo LF, Sommer T, Van Ark N, Jones G, Holland E, Moyle PB, Smith P, Herbold B.  

2009. Factors affecting fish entrainment into massive water diversions in a freshwater 

tidal estuary: Can fish losses be managed?  North American Journal of Fisheries 

Management.  29:1253-1270.

Harrell WC, Sommer TR. 2003. Patterns of adult fish use on California's Yolo Bypass 

floodplain. In: Faber PM, editor. California Riparian Systems: Processes and Floodplain 

Management, Ecology and Restoration. Proceedings of the 2001 Riparian Habitat and 

Floodplains Conference. Riparian Habitat Joint Venture, Sacramento (CA). p 88-93.

Healy MC. 1991.  Life history of Chinook salmon.  In: Groot C, Margolis L, editors. 

Pacific salmon life histories. UBC Press, University of British Columbia.  p. 311-394.

Hobbs JA, Bennett WA, Burton J, Gras M. 2007. Classification of larval and adult delta 

smelt to nursery areas by use of trace elemental fingerprinting.  Transactions of the 

American Fisheries Society 136:518–527 



28

Irving DB, Modde T. 2000. Home-range fidelity and use of historic habitat by adult 

Colorado pikeminnow (Ptychocheilus lucius) in the White River, Colorado and Utah.  

Western North American Naturalist. 60:16-25.

Jassby AD, Kimmerer WJ, Monismith SG, Armor C, Cloern JE, Powell TM, Schubel FR, 

Vendlinski TJ. 1995. Isohaline position as a habitat indicator for estuarine populations. 

Ecological Applications 5:272-289.

Jessop BM. 1994. Homing of alewives (Alosa pseudoharengus) and blueback herring (A. 

aestivalis) to and within the Saint John River, New Brunswick, as indicated by tagging 

data.  Canadian Technical Report of Fisheries and Aquatic Sciences.  Pages 2015, 2022.

Katayama S, Radtke RL, Omori M, Shafer D.  2000.  Coexistence of anadromous and 

resident alternative life history strategies of pond smelt, Hypomesus nipponensis, in Lake 

Ogawara, as determined by structural and chemical otolith analyses.  Environmental 

Biology of Fishes 58:195-2001.

Kerr LA, Secor DH, Piccoli PM.  2009.  Partial migration of fishes as exemplified by the 

estuarine-dependent white perch.  Fisheries 34 (3):114-123.

Kimmerer WJ. 2002. Effects of freshwater flow on abundance of estuarine organisms: 

physical effects or trophic linkages.  Marine Ecology Progress Series 243:39-55.



29

Kimmerer WJ. 2008. Losses of Sacramento River Chinook Salmon and Delta Smelt to 

Entrainment in Water Diversions in the Sacramento-San Joaquin Delta.  San Francisco 

Estuary and Watershed Science. Volume. 6, Issue 2 (June), Article 2.  Available:

http://repositories.cdlib.org/jmie/sfews/vol6/iss2/art2

Kimmerer WJ, Nobriga, ML. 2008. Investigating particle transport and fate in the 

Sacramento-San Joaquin Delta using a particle tracking model.  San Francisco Estuary 

and Watershed Science. Volume 6, Issue 1 (February), Article 4.  Available:

http://repositories.cdlib.org/jmie/sfews/vol6/iss1/art4

Leggett WC. 1976. The American shad (Alosa sapidissima), with special reference to its 

migration and population dynamics in the Connecticut River. American Fisheries Society 

Monograph 1:169-308.

Lehman PW, Mayr S, Mecum L, Enright C.  2010. The freshwater tidal wetland Liberty 

Island, CA was both a source and sink of inorganic and organic material to the San 

Francisco Estuary. Aquatic Ecology 44:359-372.

Lucas MC, Baras E. 2001.  Migration of Freshwater Fishes.  Blackwell Science. Oxford.

http://repositories.cdlib.org/jmie/sfews/vol6/iss2/art2
http://repositories.cdlib.org/jmie/sfews/vol6/iss2/art2
http://repositories.cdlib.org/jmie/sfews/vol6/iss1/art4
http://repositories.cdlib.org/jmie/sfews/vol6/iss1/art4


30

Mager RC. 1996. Gametogenesis, Reproduction and Artificial Propogation of Delta 

Smelt, Hypomesus transpacificus.  Doctoral dissertation. University of California, Davis.. 

Martin TG, Chades I, Arese I, Marra PP, Possingham HP, Norris DR.  2007.  Optimal 

conservation of migratory species.  PloS One 2(8): e751, doi:10:10.1371/journal.pone.

0000751

Moyle PB. 2002.  Inland Fishes of California.  University of California Press, Berkeley.

Moyle PB, Herbold B, Stevens DE, Miller LW. 1992. Life history of delta smelt in the 

Sacramento-San Joaquin Estuary, California. Transactions of the American Fisheries 

Society 121:67-77

Moyle PB, Baxter RD, Sommer TR; Foin TC, Matern SA. 2004. Biology and population 

dynamics of Sacramento splittail (Pogonichthys macrolepidotus) in the San Francisco 

Estuary: A review. San Francisco Estuary and Watershed Science. Volume 2, Issue 2 

(May), Article 3.  Available:

http://repositories.cdlib.org/jmie/sfews/vol2/iss2/art3

Murawski SA, Clayton GR, Reed RJ, Cole CF. 1980. Movements of spawning rainbow 

smelt, Osmerus mordax, in a Massachusetts estuary. Estuaries, 3(4):308-314   

http://repositories.cdlib.org/jmie/sfews/vol2/iss2/art3
http://repositories.cdlib.org/jmie/sfews/vol2/iss2/art3


31

Newman KB. 2008. Sample design-based methodology for estimating delta smelt 

abundance. San Francisco Estuary and Watershed Science. Volume 6, Issue 3 (October), 

Article 3.  Available:

http://repositories.cdlib.org/jmie/sfews/vol6/iss3/art3

Nobriga ML, Feyrer F, Baxter R, Chotkowski M. 2005. Fish community ecology in an 

altered river delta: spatial patterns in species composition, life history strategies, and 

biomass. Estuaries 28:776-785.

Nobriga ML, Sommer TR, Feyrer F, Fleming D. 2008. Long-term trends in summertime 

habitat suitability for delta smelt (Hypomesus transpacificus). San Francisco Estuary and 

Watershed Science. Volume 6, Issue 1 (February), Article 1.  Available:

http://repositories.cdlib.org/jmie/sfews/vol6/iss1/art1

Northcote TG. 1978.  Migratory strategies and production in freshwater fishes.  Pages 

326-359 in: S.D. Gerking, ed. Ecology of Freshwater Production.  Blackwell, Oxford.

Nøttestad L, Giske J, Holst JC, Huse G. 1999.  A length-based hypothesis to explain 

feeding migrations in pelagic fish.  Canadian Journal of Fisheries and Aquatic Sciences 

56 (Supplement I):26-34.

http://repositories.cdlib.org/jmie/sfews/vol6/iss3/art3
http://repositories.cdlib.org/jmie/sfews/vol6/iss3/art3
http://repositories.cdlib.org/jmie/sfews/vol6/iss1/art1
http://repositories.cdlib.org/jmie/sfews/vol6/iss1/art1


32

Ohji M, Kotakea A, Araia T. 2008. Environmental habitat use and migration of 

Plecoglossidae and Osmeridae fish.  Journal of the Marine Biological Association of the 

United Kingdom 88:637-640

Roche J, McHutchison M.  1998. First Fish, First People: Salmon Tales of the North 

Pacific Rim. University of Washington Press.

Rupp RS. 1968. Life history and ecology of the smelt (Osmerus mordax) in the inland 

waters of Maine. Final Report, Federal. Aid Fisheries.Project. F-10-R, Maine Dep. Inland 

Fish and Game.

Ryder RA. 1968. Dynamics and exploitation of mature walleyes in. the Nipigon Bay 

region of Lake Superior. Journal of Fisheries Research Board of Canada 25:1347–1376

Salo EO. 1991. Life history of chum salmon.  In: Groot C, Margolis L, editors. Pacific 

salmon life histories. UBC Press, University of British Columbia.  p. 231-310.

Secor DH. 1999.  Specifying divergent migrations in the concept of stock: the contingent 

hypothesis.  Fisheries Research 43:13-34.

Service R. 2007. Delta blues, California style.  Science 317: 442-445.



33

Snyder RJ. 1991. Migration and life histories of the threespine stickleback: evidence for 

adaptive variation in growth rate between populations. Environmental Biology of Fishes 

31(4):381-388.

Sommer T, Baxter R, Herbold B. 1997. Resilience of splittail in the Sacramento-San 0

Joaquin Estuary. Transactions of the American Fisheries Society 126:961-976.

Sommer T, Harrell WC, Mueller-Solger A, Tom B, Kimmerer W. 2004. Effects of flow 

variation on channel and floodplain biota and habitats of the Sacramento River, 

California, USA. Aquatic Conservation: Marine and Freshwater Ecosystems 14:247-261.

Sommer T, Armor C, Baxter R, Breuer R, Brown L, Chotkowski M, Culberson S,  Feyrer 

F, Gingras M, Herbold B, Kimmerer W, Mueller-Solger A, Nobriga M, Souza K. 2007. 

The collapse of pelagic fishes in the upper San Francisco Estuary. Fisheries 32:270-277.

Stevens DE, Miller LW. 1983. Effects of river flow on abundance of young Chinook 

salmon, American shad, longfin smelt, and delta smelt in the Sacramento-San Joaquin 

River system. North American Journal of Fisheries Management 3:425-437.

Swanson, C., Young PS, Cech JJ. 1998.  Swimming performance of delta smelt:  

maximum performance, and behavioral kinematic limitations on swimming at 

submaximal velocities. Journal of Experimental Biology 201:333-345.

tsommer
Dec 15, '10, 4:10 PM
Deleted: a

tsommer
Dec 15, '10, 4:11 PM
Added Text 



34

Swanson C, Reid T, Young PS, Cech JJ. 2000. Comparative environmental tolerances of 

threatened delta smelt (Hypomesus transpacificus) and introduced wakasagi (H. 

nipponensis) in an altered California estuary. Oecologia 123:384-390.

U.S. Fish and Wildlife Service 2008.   Delta smelt OCAP Biological Opinion.  December 

15, 2008.  Available:

http://www.fws.gov/sacramento/es/documents/SWP-

CVP_OPs_BO_12-15_final_OCR.pdf

Wright SA, Schoellhamer DH. 2004. Trends in the sediment yield of the Sacramento 

River, California, 1957-2001. San Francisco Estuary and Watershed Science 2.  

Available:

http://repositories/cdlib.org/jmie/sfews/vol2/iss2/art2

http://www.fws.gov/sacramento/es/documents/SWP-CVP_OPs_BO_12-15_final_OCR.pdf
http://www.fws.gov/sacramento/es/documents/SWP-CVP_OPs_BO_12-15_final_OCR.pdf
http://www.fws.gov/sacramento/es/documents/SWP-CVP_OPs_BO_12-15_final_OCR.pdf
http://www.fws.gov/sacramento/es/documents/SWP-CVP_OPs_BO_12-15_final_OCR.pdf
http://repositories/cdlib.org/jmie/sfews/vol2/iss2/art2
http://repositories/cdlib.org/jmie/sfews/vol2/iss2/art2


35

Table 1.  Estimated upstream migration rates for delta smelt.  The migration distance was 

calculated as the difference between the location of the State Water Project Skinner Fish 

Facility (155.1 km from Golden Gate Bridge) and the centroid of delta smelt distribution 

(Figure 2).  The migration time was estimated based on the days between the first flush 

event and the timing of the salvage peak at the SWP (Grimaldo and others 2009).

Year December 

FMWT 

centroid 

(km)

Estimated 

distance 

traveled to 

SWP (km)

Time to SWP after 

first flush (days)

Estimated 

migration rate 

(km d-1)

Mean Delta 

flow during 

the migration 

period (m3/s )

1993 80.1 75 12 6.3 1636

1995 74.8 80 16 5.0 4053

1999 86.7 68 36 1.9 1821

2000 91.1 64 29 2.2 1901

2001 96.5 59 33 1.8 412

2002 74.6 80 13 6.2 969

2003 92.6 62 17 3.7 1536

2004 89.3 66 19 3.5 1246

2005 82.8 72 39 1.9 802

Mean 3.6 (+1.8 SD)
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Table 2.  Comparison of peak migration based on collection at the SWP (see Table 1) 

with the percentage of spent females in subsequent monthly SKT surveys.  Sample sizes 

(number of fish) are shown in parentheses.

Year Peak arrival of 

spawners at SWP

Percent spentPercent spentPercent spentPercent spentYear Peak arrival of 

spawners at SWP
January February March April

2002 January 2 0 (108) 0 (186) 14.6 (151) n/a
2003 January 6 n/a 4.8 (145) 23.3 (158) 37.1 (35)
2004 January 19 0 (182) 0 (134) 2.7 (110) 23.6 (55)
2005 January 27 0 (113) 7.3 (137) 41.2 (17) 14.3 (14)
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Table 3:  Presence of delta smelt for sampling in three regions of the estuary during two 

time periods. The general locations of the West Delta, Cache Slough, and South Delta 

sampling are shown in Figure 1. “X” indicates the presence of delta smelt for one or more 

stations or survey methods, “O” represents no detected delta smelt, and “n/a” indicates 

that there was no sampling during that month or period.  

Month Recent yearsRecent yearsRecent years Historical yearsHistorical yearsHistorical years SurveyMonth
2002-20082002-20082002-2008 1967-19731967-19731967-1973

SurveyMonth

West 

Delta

Cache 

Slough

South 

Delta

West 

Delta

Cache 

Slough

South 

Delta

Survey

1 X X X n/a n/a n/a SKT
2 X X X n/a n/a n/a SKT
3 X X X n/a n/a n/a SKT
4 X X X n/a n/a n/a SKT, 20 mm
5 X X X n/a n/a n/a SKT, 20 mm
6 X X X X n/a X 20 mm, TNS
7 X X X X n/a X 20 mm, TNS
8 X n/a 0 X n/a X TNS
9 X X 0 X n/a X FMWT
10 X X 0 X n/a X FMWT
11 X X 0 X n/a X FMWT
12 X X 0 X n/a X FMWT



38

Table 4.  Reported upstream migration rates of selected North American fishes.  Note that 

each species is capable of faster short-term swimming.

Species Migration rate (km/d) Sources
Chum salmon

Oncorhynchus keta

4 - 80 Salo (1991)

Atlantic lamprey

Petromyzon marinus

0.008 Bigelow and Schroeder (1953)

Green Sturgeon

Acipenser medirostiris

1.2 – 2.2 Benson and others (2007)

Herring

Alosa aestivalis

Alosa pseudoharengus

8 – 21 Jessop (1994)

American shad

Alosa sapidissima

1.6 – 3.1 Leggett (1976)

Colorado pikeminnow

Ptychocheilus lucius

6.6 Irving and Modde (2000)

Striped bass

Morone saxitilis

23.6 Carmichael and others (1998)

Walleye

Sander vitreus

0.8 Ryder (1968)

Delta smelt

Hypomesus transpacificus

1.8 – 6.3 This study
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Figure Legends

Figure 1.  The San Francisco estuary including key landmarks noted in the text.  The 

Delta is the area between Chipps Island, Sacramento, and just south of Stockton. The 

general locations of the three sampling regions described in Table 3 are identified with 

red stars.  Liberty Island is located immediately north of the symbol for Cache Slough.

Figure 2.  Monthly geographic distribution of delta smelt during the fall pre-migration 

season.  The results are based on the centroid of the distribution from the FMWT using 

the method of Dege and Brown (2004). The distances were calculated as the number of 

kilometers from the Golden Gate Bridge.  The west Delta is shown as the region between 

Rio Vista and Chipps Island, the downstream limit of the Delta.  

Figure 3. Monthly distribution of adult delta smelt in relation to salinity for the FMWT 

survey.   The fish distribution data represent the centroid of the distribution from the 

FMWT (Dege and Brown 2004).  Salinity is based on X2, the location of the 2 psu 

isohaline (Jassby and others 1995).  The units for each data series represent the distance 

in kilometers from the Golden Gate Bridge.  Hence, smaller values represent a seaward 

location and larger values represent a landward location.  The red dotted lines show when 

the centroid and X2 values are equal.  Centroid values above the red line represent fish 

distributions upstream of X2, while centroid values below the line represent distributions 

downstream of X2.  The blue lines show the fitted lines for the data based on GLMs.  
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Figure 4.   The cumulative percent of particles entrained into the SWP's Banks diversion 

based on a 30-day simulation tracking the upstream "migration" of particles released in 

the Delta at Chipps Island for three levels of flow: 340 m3/s  (broken line), 1,070 m3/s   

(dotted line) and 1,899 m3/s  (solid line).   The total number of the initial 2,000 particles 

entrained at the SWP during each simulation was 422, 770, and 452, respectively after 30 

days.  The horizontal dotted line shows the timing of when 50 percent of particles were 

entrained.
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